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Abstract. Accurate estimates are emerging with technological advances in remote sensing, and
the triangle method has demonstrated to be a useful tool for the estimation of evaporative fraction
(EF). The purpose of this study was to estimate the EF using the triangle method at the regional
level. We used data from the Moderate Resolution Imaging Spectroradiometer orbital sensor,
referring to indices of surface temperature and vegetation index for a 10-year period (2002/
2003 to 2011/2012) of cropping seasons in the state of Paraná, Brazil. The triangle method
has shown considerable results for the EF, and the validation of the estimates, as compared
to observed data of climatological water balance, showed values >0.8 for modified “d” of
Wilmott and R2 values between 0.6 and 0.7 for some counties. The errors were low for all
years analyzed, and the test showed that the estimated data are very close to the observed data.
Based on statistical validation, we can say that the triangle method is a consistent tool, is useful
as it uses only images of remote sensing as variables, and can provide support for monitoring
large-scale agroclimatic, specially for countries of great territorial dimensions, such as Brazil,
which lacks a more dense network of meteorological ground stations, i.e., the country does not
appear to cover a large field for data. © 2016 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.JRS.10.046027]
Keywords: evapotranspiration; remote sensing; Moderate Resolution Imaging Spectroradiom-
eter image.
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1 Introduction
Accurate estimates of evapotranspiration (ET) are important for hydrology, meteorology and,
most critically, agricultural applications. ET is the combination of two separate processes of
water loss: from the surface (evaporation) and from plants (transpiration). Remote sensing tech-
nology has advanced to where optical measurements from satellites can provide economical
estimates of ETwith a minimum amount of surface data.1–9 Different models have been proposed
for remotely measuring ET at various spatial scales with a variety of plant species using different
types of surface measurements for validation [e.g., lysimeters or climatological water balance
(CWB) models]. Conventional types of surface measurements are not satisfactory for assessing
ET over large areas, thereby emphasizing the practicality of remote measurements in spite of the
difficulty in validation.
One method, in particular, referred to as the “Triangle Method” offers a means for estimating
ET from satellite that requires only input from the satellite with a minimum of calculation and
a maximum of ease.5,9 A version of this method9 requires no knowledge of land surface models
but only the configuration of pixels in radiometric temperature–vegetation index space and
some simple arithmetic calculations. As such, this version of the triangle model is not only
computationally efficient but also very well suited for use by scientists unfamiliar with land
surface modeling.
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The triangle model can be represented in radiometric temperature (Ts) and fractional veg-
etation (Fr) space [Fr being derived from a vegetation index, e.g., the normalized difference
vegetation index (NDVI)], typically by a triangular configuration of pixels (Fig. 1). This con-
figuration can be referred to somewhat loosely as a “universal triangle,” in which the coordinates
of the triangle are normalized to fractional vegetation cover and Ts is scaled between the values
of maximum temperature Tmax and minimum temperature Tmin,
5 as such the scaled temperature
index T and Fr both vary between 0 and 1. The term universal simply means that triangles on
successive days can be overlain as congruent triangles in the same space, allowing a time series
of ET for pixels at specific surface locations to be depicted as trajectories within the triangle.
According to Ref. 5, it is possible, however, to speak of a “universal” triangle that has a further
dimension: that of time. Not only do a succession of images show the changing surface wetness
and ET in the face of periods of precipitation and surface drying, but also pixel values represent-
ing the same surface element, as determined from a succession of images, describe trajectories in
time within a single triangle.
In scaling NDVI, the highest and lowest values of NDVI, NDVIs, and NDVIo, respectively,
represent a 100% vegetation coverage and bare soil, respectively.5,9 Similarly, highest and
lowest Tir values, Tmax and Tmin, respectively, represent a dry bare surface and a wet surface,
respectively. With a sufficient number of pixels, one can almost always find points that represent
dense vegetation, bare soil, a dry bare surface (e.g., a road), and a wet bare surface. Often,
however, a wet bare surface is not represented, especially in semiarid regions, so this point is
usually taken as the temperature of dense vegetation.
The triangular scatterplot of pixels in T∕Fr space, such as that shown in Fig. 1, sometimes
appearing more like a trapezoid, yields with simple calculations the moisture availability (Mo),
defined as the ratio of ET to the potential evapotranspiration (ETp) at that radiometric temper-
ature, and the evaporative fraction (EF), defined as the ratio of ET to net radiation (Rn). As such,
both Mo and EF are relatively constant values throughout the daytime hours, unlike ET itself.
Mo is also closely related to the fraction of soil water content to that at field capacity, although
it should be emphasized that Mo refers only to the surface “skin layer” of bare soil and not
the soil/vegetation canopy.
The aim of this study is to test the simplified triangle method, using only remote sensing
images and simple geometry, to estimate Mo and EF in Paraná state, Brazil, referring to crop
Fig. 1 Schematic graph of dispersion of the pixel values of NDVI as a function of surface temper-
ature (T s) as a satellite view. Source: adapted from Ref. 5.
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yields 2002/2003 to 2011/2012. Although little surface data are available on the scale of the
study, the test will simply be a comparison between EF values obtained from the triangle method
and those obtained from a CWBmodel based on data from surface stations, the latter constituting
the customary input to crop prediction models. It remains for a later paper to test these results
against measured crop yields. Our purpose now is simply to establish the methodology.
2 Materials and Methods
The triangle method begins with creating a scatterplot of pixels in T∕Fr space, such as shown in
Fig. 1.5,8,10 Once screened for cloud and standing water, the pixel envelope usually resembles a
triangle or a trapezoid. Several features of the triangle are worth noting. First, the warm side of
the triangle, the right side, tends to be marked by a rather sharp cutoff, which is referred to as
the warm edge. The warm edge, constituting the warmest pixels for each value of Fr, denotes
a dry limit likely corresponding to some minimum dryness of the bare soil, essentiallyMo ¼ 0.
The bare soil edge (Fr ¼ 0), referred to as the soil line,11 is also well delineated when
clouds and standing water are removed from the image. The left side of the pixel distribution
tends to have a fairly sharp edge (the cold edge) and is thought to correspond to a maximum
ET, the ETp for each value of Fr (Mo ¼ 0, EF ¼ 1). Some images lack pixels in the lower
left corner of the triangle representative of wet, bare, or sparsely covered soil, while other
images have very few pixels near the lower right corner representative of dry, bare soil. Some
images seem to lack pixels near the upper vertex, making the scatterplot look more like
a trapezoid.
A fundamental hypothesis binding all versions of the triangle method is to assume no sig-
nificant temperature variation of the plants themselves; their leaf temperature remaining close to
air temperature, at least until the plant begins to experience extreme water stress. In cases of
water stress, however, the radiometric temperature of a dense plant canopy may increase but
by an amount that is usually within the error of measurement by a satellite radiometer,8,12
so the hypothesis tends to hold for most cases. Thus, the upper vertex of the triangle, correspond-
ing to dense vegetation where Fr ¼ 1.0, tends to allow for little variation in T (and therefore,
Mo and EF), regardless of the soil surface, which in any case tends to be masked by the
foliage. According to Tian et al.,13 pixels with the same vegetation index vary significantly in
T at lower values of Fr, according to the soil surface water content represented by the param-
eter Mo.
Having created the triangle, the next step is to convert pixel values of T and Fr to values of
EF and Mo. Initially, the methodology for doing this was dependent on the use of sophisticated
soil/vegetation/atmosphere transfer (SVAT) models.2 These models consist of deterministic
mathematical representations of physical processes involved in the transfer of heat and
water vapor between soil, plant, and atmosphere. More recently, simpler models have been
developed1,3,13,14,15 using algorithms that fix the cold and warm edges. These models tend to
require some external information but generally interpret the triangle geometrically.
A purely geometrical solution for EF andMo using the triangle method is proposed by Ref. 9.
It requires no external information other than radiometric surface temperature and
vegetation index, from which Fr is derived, and no knowledge of land surface or ET models.
Simply put, Mo is assumed to vary linearly from 1.0 to 0 between the cold and warm edges of the
triangle for each value of Fr, and EF is assumed to be the weighted value of EF for the vegetation
fraction of the pixel (equal to 1.0) and that for bare soil (equal to Mo). Thus, the mathematical
framework for this method is expressed by the following definitions:
EQ-TARGET;temp:intralink-;e001;116;165
 ¼ fTs − TsðminÞ∕TsðmaxÞ − TsðminÞg; (1)
EQ-TARGET;temp:intralink-;e002;116;122Fr ¼ fðNDVI − NDVIoÞ∕ðNDVIs ¼ NDVIoÞg2; (2)
EQ-TARGET;temp:intralink-;e003;116;84Mo ¼ 1 − TðpixelÞ∕Tðwarm edgeÞ; (3)
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EQ-TARGET;temp:intralink-;e004;116;723 F ¼ EFsoilð1 − FrÞ þ Fr EF veg ¼ Moð1 − FrÞ þ Fr; (4)
where EFsoil ¼ Mo and EFveg ¼ 1.0. In terms of the geometry of the pixel patter, Mo is just
the ratio of segments a∕d, as depicted in Fig. 2. The left side of the triangle corresponds to
potential evaporation, and therefore the ETp.
2.1 Area of Analysis
The domain of analysis encompasses Paraná state, located in the southern region of Brazil
between latitudes 22°29’S and 26°43’S and the meridians 48°2’Wand 54°38’W, where the pre-
vailing climate is temperate mesothermal and super-humid Cfa, according to Köeppen climate
classification, with moderate temperatures. The region is characterized by well distributed
rainfall and hot summers. In the winter months, the average temperature is below 16°C, whereas
in the summer months, the maximum exceeded temperature is 30°C. The state is located in
a region of climatic transition from a subtropical climate with milder winters north to a condition
that approaches the south temperate climates, where winters are severe and the season of plant
growth is limited.
The state consists of 399 counties. However, not all counties have an intensive agricultural
cultivation of soybean. Counties with soybean production were determined and selected based
on data from Secretary of Agriculture of State Paraná, specifically five counties that showed
high levels of average productivity (kg ha−1) in the 10 years analyzed. The latter corresponded
to the agricultural years 2002/2003 to 2011/2012, totaling a period of 10 years with soybean.
The counties are Cascavel, Toledo, Campo Mourão, Apucarana, and Jaguariaíva (Fig. 3).
Each municipality has a weather station from which measurements of rain point and temper-
ature can be made, and whose locations correspond to the same data location points for the
Tropical Rainfall Measuring Mission (TRMM) and the European Centre for Weather Forecasts
Midterm (ECMWF), i.e., the same points corresponding to latitude and longitude. Henceforth,
references to point data pertain to the station temperature and rainfall measurements and ETr/
ETp (relative) estimates derived solely from the TRMM and ECMWF data to the county scale.
To estimate EF using triangle method images of Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor, products MOD13A2 and MOD11A2, “tile” h13v11,
were used. These products are the 16-day composition images of vegetation index NDVI
and 8-day composition images with the surface temperature, respectively, and 1 km of spatial
resolution. These images can be obtained from the NASA16 website, being originally in sinus-
oidal projection and in hierachical data format. These were processed at first by the MRTool
(MODIS reprojection tool)17 website and were redesigned to WGS-84 projection and GeoTIFF.
Image composites of 16 (NDVI) and 8 days (Ts) were selected according to the acquisition
date so that the dates of NDVI images coincided with the dates of the Ts images. Thus,
we selected 14 Ts images and 14 NDVI images, marking the acquisition on the same day,
and compared these images with the soybean crop cycle sown in Brazil in September to
Fig. 2 Simple geometry of the triangle in Ref. 9.
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April. The images used for analysis were 257, 273, 289, 305, 321, 337, 353, 001, 017, 033, 049,
065, 081, and 097. Altogether, we selected 28 images for each cropping season for the five
selected counties in the state, totaling 8400 images for the analysis period of 10 years.
Mathematical operations were carried out by changing the digital values of the image pixels
whereby the MOD11A2 products are for 16-bit images, and their converted values primarily
expressed in Kelvin temperature and in values in degrees Celsius (°C). The MO13A2 products
16-bit images were divided by 10,000 for the image. These procedures were performed using
Interactive Data Language.
Once the values of temperature in degrees Celsius and converted NDVI are obtained, it was
possible to apply these variables to other analyses. The next step is to obtain the derivative values
of these extractions (defined below), these being NDVIs, NDVIo (or NDVImax, NDVImin) from
images of NDVI; and Tsmax and Tsmin from images of Ts, obtained by individual analyses of
the values of each pixel.
The highest values of NDVI, which define NDVIs, are obtained from pixels that have dense
(i.e., 100%) vegetation cover, while NDVIo values are obtained from pixels with completely
exposed bare soil, such as that found in the urban center of cities. Tmax values are obtained
for pixels with dry, bare soil, such as urban areas, and Tmin pertain to areas with dense vegetation
or wet soils, as proposed by Ref. 8 (Fig. 4).
Using Eqs. (3) and (4) with the geometrically defined parameters cited above, we defined the
triangles on all the days for which images were used. These are shown in Fig. 5. In most cases,
the outline of the triangle is clearly evident, including the warm edge, which is delineated with
a sloping dotted line, and the cold edge and soil lines. Clearly, where to place the defining
boundaries of the triangle is a subjective operation but one that should not introduce large errors
in EF or Mo. Recent efforts are being made to develop objective methods for defining the triangle
boundaries (1).
3 Results and Discussion
To evaluate the method in comparison with an independent one that is widely used in crop
prediction models, estimated values of EF are compared with the values of relative ET
(essentially ETr/ETp), essentially EF but where ETr is the actual ET and ETp is the potential
evapotranspiration as defined by the CWB.18 The CWB provides estimates of actual ET (ETr),
Fig. 3 Counties analyzed (2002/2003 to 2011/2012).
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Fig. 5 Flowchart of the main steps of the triangle method to estimate the EF.
Fig. 4 Main steps for NDVIo, NDVIs, T smin , and T smax to calculate Fr and T
.
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potential evapotranspiration (ETp), the water storage in the soil (ARM), the water deficit, the
water surplus, and the value of crop coefficient unit (Kc) for the entire crop.
From images of T and Fr, we obtained five counties of the state of Paraná for 10 crop years
(2002/2003 to 2011/2012)for the triangular method. As an example, the counties of Campo
Mourão and the crop year 2011/2012 showed the dispersion of pixels for each satellite
image, representing the entire phenological cycle of soybean (Fig. 6). In Fig. 6, we observe
in the scatter plots the warm edge of the triangle (indicated by the dashed red line), and the
cold edge (indicated by the dotted blue line). Warm and cold edges correspond to the driest
and wettest pixels, respectively, for each value of Fr.3,5,6
These scatterplots can be interpreted in the following context: recall from Sec. 2 that values of
EF and Mo vary linearly (along any straight line) at a given Fr or T from 0 to 1.0. Mo varies
from 0 at the warm edge to 1.0 at the cold side of the triangle, while EF varies linearly with any
straight line within the triangle from 0 at the lower left vertex to 1.0 along the cold edge fractional
vegetation cover.
Tian et al.13 conducted studies with the triangle method using MODIS images for a river
basin located in the arid region of northeast China during the season of vegetative growth in
2009. The results showed that the differences in temperature between the dry and wet edges
for different values of Fr led directly to estimates of ET, which showed good results with
Pearson correlation coefficient, ranging from 0.94 to 1.0 for 10 days of EF estimates at different
scales. The greatest deviation of estimates of EF between the different domain sizes was found in
the beginning of the growing season.
Also, it is very important to analyze the upper vertex of the triangle because it presents an
important observation in that the greater the number of pixels distributed at the top of the tri-
angle, the higher the vegetation concentration for that image; that is, it represents the period of
greatest plant growth vegetation.
Some triangles show a sloping orientation, indicating a possible lack of bare soil, water satu-
rated surfaces. According to Ref. 9, the sloping triangle can mean a higher temperature on wet,
bare soil than in areas of higher vegetation. It seems more likely that the absence of pixels in this
Fig. 6 Scatterplots of T  versus Fr for the simplified triangle method, for Campo Mourão county in
the 2011 to 2012 crop season.
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lower left corner represents the absence of wet, bare soil in the image. We note with triangular
graphs that the greater slope is related to the months with the greatest amount of exposed
soil, i.e., the months of sowing (September/October) and those during the harvest season
(March/April).
Figure 7 shows the different triangular graphs for the months that have greater vegetative
growth of soybeans, which are December and, especially, January.
Figure 7 indicates that pixels tend to group together near the top of the graph scatterplot in
the months of higher vegetative peak of soybeans and in the months of vegetative growth
(Fig. 8). Pixels near the bottom of the triangle are the least numerous pixels. These scatterplots
therefore follow the phenological cycle of soybeans, whereby ET and soil moisture during
this period are greatest.
Fig. 7 Scatterplot representations of the triangular graphs, for Toledo county referring to the 2011
to 2012 crop season. Features have their same significance as in Fig. 5.
Fig. 8 Representation of the simplified triangle method showing the pixel envelope above and
the corresponding phenological cycle below for soybean.
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Figures 6–8 suggest that when the top of the triangle is truncated, or in the form of a
trapezoid, this may indicate either a very low number of pixels with full vegetation cover or,
according to Ref. 9, some sensitivity of T to Mo even when the cover is full. Thus, even near the
top of the triangle, there is some variation in Mo with T, suggesting that the soil is not always
invisible to the satellite sensor below the dense vegetation.
With the purpose of evaluating the estimated data (EF) with the measured data (relative ET),
the data were organized every 15 days and the CWB was generated, first based on data from
conventional stations and then with the estimated data from TRMM and ECMWF, which have
lower spatial resolution.
Tables 1 and 2 show the selected counties and statistical parameters derived for ETr/ETp from
one of the two water balance models, referred to earlier in the paper, and the estimated data from
the simplified triangle method, which are d1, d2, R2, EM, random measurement error (EAM),
mean squared error (EQM), and root-mean-square error (RMSE). In general, the measured values
of the errors were low, i.e., approaching zero, for all years and counties, whereas higher average
random error (EMA) are located in the municipalities in the south. The EM and the EQM showed
that there is reasonable accuracy between estimated values derived from the simplified triangle
method and the values derived with the aid of the measured data in the CWB models.
The RMSE reporting on the accuracy of the model showed that, on average, for every state,
there was a good performance for the triangle model, since the average RMSE found for the
Table 1 Statistical analysis, comparison between the data estimated by the simplified triangle
method (EF) versus the data obtained by the CWB (ETr/ETp), data from conventional weather
stations (point data).
Year d1 d2 R2 EM EAM EQM RMSE
Apucarana
2002/2003 0.75 0.94 0.76 0.068 0.068 0.012 0.031
2003/2004 0.61 0.85 0.31 0.075 0.075 0.014 0.039
2004/2005 0.67 0.89 0.60 0.108 0.108 0.021 0.038
2005/2006 0.62 0.85 0.41 0.083 0.083 0.012 0.036
2006/2007 0.65 0.87 0.55 0.092 0.092 0.013 0.034
2007/2008 0.61 0.79 0.85 0.083 0.083 0.012 0.034
2008/2009 0.62 0.86 0.39 0.108 0.108 0.021 0.040
2009/2010 0.66 0.88 0.22 0.042 0.042 0.008 0.034
2010/2011 0.85 0.97 0.72 0.050 0.050 0.005 0.054
Campo Mourão
2002/2003 0.70 0.91 0.38 0.048 0.048 0.008 0.025
2003/2004 0.68 0.90 0.30 0.042 0.042 0.006 0.023
2004/2005 0.82 0.96 0.51 0.033 0.033 0.005 0.038
2005/2006 0.72 0.92 0.35 0.042 0.042 0.004 0.025
2006/2007 0.75 0.93 0.39 0.042 0.042 0.006 0.026
2007/2008 0.64 0.87 0.49 0.067 0.067 0.008 0.023
2008/2009 0.84 0.97 0.70 0.075 0.075 0.009 0.041
2009/2010 0.69 0.90 0.34 0.050 0.050 0.007 0.023
2010/2011 0.71 0.91 0.54 0.067 0.067 0.008 0.028
Silva-Fuzzo and Rocha: Simplified triangle method for estimating evaporative fraction over soybean crops
Journal of Applied Remote Sensing 046027-9 Oct–Dec 2016 • Vol. 10(4)
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Applied-Remote-Sensing on 10/10/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx
analyses were close to 0; the lower the measure, the closer EF is to the ratio ETr/ETp. The R2
values were satisfactory for some years considering that these are data measured at different
scales (regional versus point). The highest values are for Apucarana in the 2007/2008 crop
season (R2 ¼ 0.85), Campo Mourão in the 2008/2009 crop season (R2 ¼ 0.70), Toledo in the
2004/2005 crop season (R2 ¼ 0.80), and Cascavel in the 2006/2007 crop season (R2 ¼ 0.80).
Table 1 (Continued).
Year d1 d2 R2 EM EAM EQM RMSE
Jaguariaiva
2002/2003 0.73 0.92 0.28 0.024 0.044 0.006 0.028
2003/2004 0.78 0.95 0.39 0.042 0.042 0.009 0.029
2004/2005 0.82 0.97 0.58 0.050 0.050 0.008 0.041
2005/2006 0.78 0.95 0.66 0.050 0.050 0.005 0.034
2006/2007 0.70 0.91 0.51 0.042 0.042 0.004 0.027
2007/2008 0.71 0.91 0.42 0.050 0.050 0.012 0.032
2008/2009 0.88 0.98 0.76 0.050 0.050 0.005 0.055
2009/2010 0.79 0.95 0.52 0.025 0.025 0.004 0.036
2010/2011 0.84 0.97 0.68 0.033 0.033 0.005 0.059
Toledo
2002/2003 0.83 0.97 0.64 0.032 0.035 0.003 0.040
2003/2004 0.72 0.92 0.44 0.075 0.075 0.014 0.031
2004/2005 0.80 0.96 0.80 0.100 0.100 0.013 0.038
2005/2006 0.64 0.87 0.35 0.058 0.058 0.008 0.022
2006/2007 0.88 0.98 0.77 0.033 0.033 0.003 0.049
2007/2008 0.85 0.98 0.60 0.067 0.067 0.010 0.042
2008/2009 0.85 0.97 0.76 0.067 0.067 0.008 0.043
2009/2010 0.82 0.97 0.58 0.033 0.033 0.003 0.039
2010/2011 0.68 0.61 0.36 0.055 0.055 0.006 0.018
Cascavel
2002/2003 0.84 0.97 0.60 0.032 0.035 0.003 0.045
2003/2004 0.73 0.92 0.25 0.042 0.042 0.008 0.035
2004/2005 0.81 0.96 0.66 0.050 0.050 0.005 0.039
2005/2006 0.65 0.88 0.24 0.050 0.067 0.008 0.023
2006/2007 0.86 0.98 0.80 0.075 0.075 0.009 0.048
2007/2008 0.78 0.95 0.52 0.092 0.092 0.016 0.039
2008/2009 0.85 0.97 0.73 0.100 0.100 0.015 0.047
2009/2010 0.89 0.98 0.68 0.033 0.033 0.008 0.051
2010/2011 0.74 0.93 0.39 0.083 0.100 0.023 0.041
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Table 2 Comparison between the values of EF estimated by the simplified triangle method versus
those obtained by the TRMM satellite and the ECMWF model and the CWB (spatial resolution of
0.25 deg × 0.25 deg).
Anos/Safra d1 d2 R2 EM EAM EQM RMSE
Apucarana
2002/2003 0.84 0.93 0.76 0.043 0.060 0.008 0.045
2003/2004 0.76 0.94 0.68 0.083 0.083 0.017 0.034
2004/2005 0.86 0.98 0.75 0.063 0.063 0.009 0.048
2005/2006 0.60 0.84 0.67 0.075 0.075 0.011 0.027
2006/2007 0.73 0.93 0.69 0.108 0.108 0.021 0.038
2007/2008 0.45 0.55 0.58 0.025 0.025 0.003 0.018
2008/2009 0.56 0.62 0.61 0.075 0.075 0.016 0.033
2009/2010 0.87 0.95 0.73 0.033 0.050 0.007 0.048
2010/2011 0.82 0.83 0.75 0.058 0.058 0.008 0.042
Campo Mourão
2002/2003 0.88 0.95 0.83 0.050 0.067 0.012 0.048
2003/2004 0.84 0.93 0.75 0.055 0.055 0.011 0.045
2004/2005 0.86 0.98 0.84 0.005 0.042 0.006 0.047
2005/2006 0.76 0.81 0.71 0.096 0.096 0.024 0.038
2006/2007 0.84 0.98 0.82 0.058 0.075 0.011 0.044
2007/2008 0.88 0.98 0.75 0.052 0.052 0.007 0.048
2008/2009 0.73 0.90 0.82 0.116 0.116 0.027 0.035
2009/2010 0.78 0.95 0.76 0.088 0.088 0.013 0.039
2010/2011 0.91 0.96 0.85 0.115 0.115 0.021 0.055
Jaguariaiva
2002/2003 0.81 0.91 0.83 0.067 0.083 0.013 0.045
2003/2004 0.65 0.80 0.75 0.075 0.075 0.014 0.033
2004/2005 0.85 0.94 0.81 0.060 0.060 0.008 0.051
2005/2006 0.91 0.99 0.85 0.024 0.026 0.003 0.075
2006/2007 0.92 1.00 0.81 0.017 0.033 0.005 0.078
2007/2008 0.77 0.95 0.68 0.042 0.042 0.006 0.037
2008/2009 0.94 1.00 0.80 0.042 0.058 0.008 0.073
2009/2010 0.82 0.97 0.79 0.075 0.075 0.013 0.065
2010/2011 0.84 0.93 0.80 0.075 0.075 0.011 0.068
Silva-Fuzzo and Rocha: Simplified triangle method for estimating evaporative fraction over soybean crops
Journal of Applied Remote Sensing 046027-11 Oct–Dec 2016 • Vol. 10(4)
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Applied-Remote-Sensing on 10/10/2017 Terms of Use: https://spiedigitallibrary.spie.org/ss/TermsOfUse.aspx
The concordance index “d1” of Wilmott modified measures the dispersion of measured data
for a straight line to 1∶1. The accuracy of estimated values (EF) compared to those obtained by
the CWB is listed in the second column. These show that for the crop season, the values were
satisfactory. For example, Cascavel county presented several years with d1 values above 0.8,
confirming the validity of the estimated data from the simplified triangle method when compared
with those from the water balance models. Apucarana county showed for the years 2003/2003,
2005/2006, 2006/2007, and 2008/2009 values of d1 ¼ 0.61, 0.62, 0.65, and 0.62, respectively.
We attribute these low values of R2 (Table 1) to the mismatch in scales, specifically the higher
spatial scale for the remotely sensed measurements as compared with the CWB scale using
individual temperature station data.
Table 2 shows an improvement in the comparison of the data estimated by the triangle
method with the data from the TRMM and ECMWF. We believe that the differences between
tables may be related to the fact that the spatial scale of TRMM and ECMWF is higher
(0.25 deg× 0.25 deg latitude; ∼25 × 25 km) for data obtained from surface weather stations.
There was an improvement in the d1 values from the previous table, representing the estimates
from weather station data. The values were above 0.75, except for Apucarana, which showed the
lowest values of d1 ¼ 0.45 in 2007/2008 and d1 ¼ 0.56 in 2008/2009. The R2 values showed
significant improvement in Table 2 compared with the values in the table above. Again, we feel
Table 2 (Continued).
Anos/Safra d1 d2 R2 EM EAM EQM RMSE
Toledo
2002/2003 0.83 0.97 0.78 0.042 0.042 0.006 0.075
2003/2004 0.80 0.96 0.77 0.042 0.042 0.008 0.073
2004/2005 0.96 1.00 0.85 0.046 0.046 0.008 0.125
2005/2006 0.84 0.97 0.75 0.058 0.058 0.009 0.078
2006/2007 0.90 0.99 0.80 0.025 0.025 0.004 0.105
2007/2008 0.82 0.97 0.72 0.083 0.083 0.015 0.085
2008/2009 0.70 0.91 0.64 0.087 0.087 0.014 0.060
2009/2010 0.84 0.97 0.79 0.092 0.092 0.016 0.075
2010/2011 0.87 0.95 0.73 0.091 0.091 0.019 0.088
Cascavel
2002/2003 0.74 0.93 0.61 0.091 0.091 0.017 0.073
2003/2004 0.92 0.99 0.86 0.048 0.048 0.005 0.138
2004/2005 0.88 0.98 0.74 0.041 0.041 0.005 0.077
2005/2006 0.86 0.80 0.70 0.072 0.072 0.014 0.068
2006/2007 0.79 0.95 0.76 0.091 0.091 0.022 0.068
2007/2008 0.78 0.95 0.71 0.050 0.050 0.010 0.065
2008/2009 0.83 0.97 0.55 0.049 0.049 0.008 0.078
2009/2010 0.86 0.98 0.75 0.100 0.100 0.016 0.082
2010/2011 0.89 0.98 0.89 0.058 0.058 0.010 0.088
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that this is because the scales of TRMM and ECMWF data are larger than in the point
data (weather stations) used in the analysis of Table 1. The highest values of EMA (above
0.100 mm) were to Apucarana in the 2006/2007, 2007/2008, and 2010/2011 crop seasons,
and Campo Mourao and Cascavel in the 2009/2010 crop season.
Described19 that quantified which spatial scales were better at determining ET flux between
the surface and the atmosphere, with images from Landsat, MODIS, and Geostationary
Operational Environmental Satellite. They observed that scaling characteristics could vary
according to the day and the sensor, which means that each sensor has a different optimum
scale for estimating ET, fractional vegetation cover, and soil surface moisture.
The largest values simplymeanmajor differences between the two sets of results. Only the 2007/
2008 to 2008/2009 and 2005/2006 crop seasons in Apucarana in Campo Mourão showed
asignificantdifferenceat the5%significance level forpvalues.According to theRMSE,weconsider
the values even above 0.100 for some years still as insignificant, and in Fig. 9, the EF estimated data
were spatially for pixels for the city of Campo Mourão, for all images of the year 2011/2012.
According1 to an experimental use of the Ts − VI, triangle method developed and applied to
several MODIS/TERRA, the sensible heat fluxes retrieved using MODIS data from a grassland
located in the middle reach of Heihe river basin, Northwest China, reveals a RMSE of this com-
parison as 25.07 W∕m2. It is shown that determination of dry and wet edges using the proposed
algorithm is accurate enough, at least in most cases of our study, for the estimates of regional
surface ET. According to Ref. 20, this technique is applied in studies of soil humidity because it
plays a key role in hydrological and agricultural processes. In the rainfall-runoff processes, the
knowledge of its spatial distribution is fundamental to accurately model these phenomena.
Furthermore, in agronomy and agricultural sciences, assessing the water content of the root
zone is required in order to optimize the plant productivity and improve the irrigation systems
management.
Fig. 9 Spatial distribution maps of EF estimate provide from the simplified triangle method, (pixel)
to the city of Campo Mourão.
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4 Conclusion
The present study demonstrated that the simplified triangle method is an efficient way to estimate
ET over large regions by remote sensing images. The method is especially easy to apply and
requires only those variables (Ts-NDVI/Fr) measured by satellite. While there are other more
complex methodologies described in the literature for estimating EF remotely, the present
method uses simple arithmetic formulas and simple geometry to produce results felt to be as
satisfactory as those from more complex models. The differences between the results from
the triangle method as compared with those from the CWB model were low for all years,
and the Mann–Whitney test showed that the two types of ET estimates are very close to
each other. The values of “d1” of modified Willmot were above 0.8 for some counties, and
R2 values were approximately between 0.6 and 0.7. The results show that the EF determined
from the triangle simplified method can be used as an input variable for crop weather prediction
models instead of ratio ETr/ETp derivatives of CWB models. Thus, the triangle method arises as
a relevant alternative to CWB models for estimating EF over large areas, serving as support to
responsible agencies both in agronomy and the environment, and for monitoring, especially in
places where there are no data/measurements from weather stations.
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